Thermal wave nondestructive evaluation is one of the few NDE methods applicable to the characterization of ceramic and composite materials. As a ne ar surface characterization technique,it has been shown to be useful for metals and semiconductors and has been developed for use with those materials. Limited work has been done with the technique on ceramics, with little effort to investigate the resulting fundamental differences which can occur in the case of insulating materials.
In this work we investigate the case of thermally insulating materials, in particular to describe the ac tempera ture distribution near the gas-solid interface. We make use of the mirage effect [1J, or optical beam deflection (OBD) detection method, which permits probing the temperature distribution locally on both sides of the sample-gas interface ~nd provides spatially resolved informat ion about the local temperature gradients. For this purpose, we choose a material which absorbs infrared radiation, transmits visible radiation, and has a low volume expansion coefficient, fused silica. By scanning the heat source relative to the probe beam and sample surface while varying the experimental parameters, chopping frequency, probe distance to sample surface, heating beam power, probe and heating beam diameters, we ha ve obtained a description of the ac temperature distribution ne ar the sample surface both in the gas and in the solid.
Probing inside the solid has been explored as a sensitive method to obtain optical absorption coefficients for materials which are both weakly absorbing [2J and strongly absorbing [3,4J . Recent experiments in semiconductors [5] have provided information about near surface transport.
In this paper, we relate our experimental results to a three dimensional moggl aşşuming a homogeneous. isotropic bulk solid with a surface source [6] . We find that our results may be explained when the thermal diffusivity of the probed media is low, and the chopping frequency of the heat source is low. This condition occurs for many of the materials which are presently of interest and can be studied effectively with thermal methods (see Table I ). .
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We consider a model which has been developed [6,7J to include coatings (a three layered system, gas-coating-solid) and which may. also include subsurface absorption. However, for simplicity, we consider here only surface absorption and a bulk material and find that there is good qualitative agreement between the theoretical results and the experimental results. We as sume a gaussian heating beam and a line probe beam. A complete description must include subsurface absorption; probe beam effects have been addressed in [7J.
We start by solving the time dependent heat diffusion equationa for the periodic solutions for the temperature in each region to be probed (see [6,7J for details). Once the temperature in each region is determined, the deflection of the probe beam, which is the measured effect, may be related to the gradient of the temperature distribution integrated along the probe beam. These steps may be carried out in momentum.space (A), and then a Fourier transform may be performed to give a result in real space. When this is done, the total deflection.has the form:
where n is the index of refraction, T is the temperature, t is the time, w is the angular frequency, z is the distance of the center of the probe beam to the surface, and X is the transverse distance of the probe beam away from the source. The functional form of F(A,Z) depends on absorption parameters, heating beam size, distance of the probe to the sample, thermal reflection coefficients (fmr the case of coated substrates), and whether the probe beam is in the gas or the solid.
For our work here we consider only the solutions in the direction normal to the sample surface, $n, for which v+a/az. In this case, for probing in the gas, we find that F(A,z) is:
where P is the heating beam power absorbed, KS is the thermal conductivity of the solid, R is the heating beam radius at l/e, and bs,g is given by
where s and g refer to the solid and gas respectively, and a is the thermal diffusivity. For the case of probing in the solid, the expression given in (2) includes the term with the heating beam parameter, while the term b g in the exponential is replaced by bs. For each case, probing in the air and the solid, we have the convolution of two exponentials with a term involving the ratio of the thermal diffusivities of the gas and the substrate.
EXPERIMENT
The experiments were performed using mirage effect detection with a focused HeNe probe beam and a chopped, focused CO 2 heat source (both beams were -100 ~m at l/e for most experiments unless otherwise noted). A quadrant detector was used to monitor the probe beam deflections land was maintained with a null dc voltage dur ing the experiments where the deviat ion of the probe from the center of the detector was significant. The voltage from the detector was put into a vector lock-in amplifier set to give magnitude and phase. 'Signals for both $n and $t were measured; however, we report here only measurements for $n' the deflection normal to the surface.
The sample was a slab of fused silica, 3 x 5 x 10 mm, and was studied by focusing the heat source at the surface and positioning the probe beam at a distance z from the surface and at a distance x from the heat source. The signals were monitored as the distance between the source and the probe beam was var ied (transverse offset) for a given frequency and probe beam height, z. This measurement of the normal and transverse deflection signals as a function of transverse offset was done for different z positions, different frequencies, different heating beam powers, and different probe and heating beam diameters. By varying the transverse offset of the beams, the profile of the temperature dis tribut ion can be probed and studied.
RESULTS AND DISCUSSION
Probing in the Gas
In Fig. 1 , we have plotted the result of the theoretical calculat ion for the magnitude of the normal deflection for the case of materials with decreasing thermal diffusivity. For each of the theoretical and experimental plots made as a function of beam transverse offset we show data plotted from the center of the heat source to one side only, since the curve is symmetric about zero transverse offset. Notice that for materials with small diffusivities a minima and second maxima occur as the transverse offset increases. This behavior has been reported previously [6J for the case of a glass material with a coating, but occurs for alI of the materials we have studied in Table 1 with diffusivities less than air, independent of any coatings. The main peak width is determined by the heating beam dimensions. The side dip and second peak depend on the diffusivity of the probed material, the height of the probe beam, chopping frequency, and surface characteristics, such as roughness . In Fig. 2 we show the dependence of the transverse offset signal on probe beam height, where we have used the diffusivity of glass in the calculat ion, and a frequency of 100 Hz. Compar ing with Fig. 1 , we see that the magnitude of the $n signal in Fig. 2(A) has no minima when the probe beam is far away from the surface and that there is a slight minima which increases as the probe beam moves toward the surface. However, in contrast to the dependence on diffusivity in Fig. 1 , the probe beam height dependence produces a shift in the minima both toward the source (transverse offset=O) and to larger amplitude. The phase curves for the same parameters with the addition of one extra height, shown in Fig. 2(8) , have a 180 degree phase reversal which occurs with the minima in the magnitude, also reported in [6] . We plot the experimental results for ~n magnitude and phase in Fig. 3 , for the same frequenoy as shown in Fig. 2 , for oomparison. In th1s experiment we are probing in the air above the sample surfaoe. The qualitative oomparison with the theoretioal oaloulat1on is good. The dependenoe with height shows the same trends in both magn1tude and phase. We po1nt out that,when the probe beam 1s very near the sample surfaoe, there 1s an inversion in the phase for both the oaloulated and experimental phases.
In addition, we have found that ohanging the frequenoy to h1gher values produoes the same smooth1ng effeot as the theory prediots and that mov ing the probe beam oloser to the surfaoe produoes more pronounoed dips, also predioted by the theory. Changing the heat1ng beam diameter has the effeot of spreading the heat over a larger area, w1thout affeoting the behavior of the minima and second maxima. Changing the diameter of the probe beam does appear to improve the resolution of the shape of the curves, giving the appearance of more tightly narrowed peaks. Experiments at higher heat source powers have shown that a saturat ion in the central peak occurs which may be related to an increase in thermal radiation being emmitted by the surface.
Probing in the Solid
We present experimental results for probing in the solid in Fig. 4 . The amplitude of the signal is larger, as it should be due to the increased temperature coefficient of the solid (dn/dT), and we see that there is also a minima in the magnitude. We find that the minima and second peak occur at distances slightly greater than two diffusion lengths in the solid below the surface. The phase of the signal in the solid has a very different behavior from that in the gas. Near the surface, the phase has a sharp minima, and away from the surface it decreases rapidly.
We have also studied the depth dependence of the signal measured at the maximum of the magnitude of ~n' both in the air and in the solid for different frequencies, plotted in Fig. 5 . The amplitude of the signal reaches its maximum value in the solid when the probe beam is entirely in the solid and at a distance below the surface equal to the diameter of the probe beam. The fast decay at higher frequencies is expected in both media and is expected to be more rapid in the solid than in the gas. .versus probe beam distance to the surface (z), both in the gas and in the solid, for three frequencies: f1=300 Hz, f2=100 Hz, and f3=40 Hz.
We are presently studying the application of this technique to measurements of surface roughness, porosity, and near surface damage. Advantages of the measurement are that it provides spatially resolved information and both magnitude and phase informat ion , and does not require that the probe beam touch the sample surface.
